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ABSTRACT" 
The two-dimensional flow field in an open channel pump intake is 
evaluated to determine whether average channel velocity is an appropriate 
parameter for use as an hydraulic design criterion. The boundary integral 
method is used to carry out the numerical solution of the ideal flow equation, 
and proves to be an efficient and flexible alternative to domain metl1ods. Use 
of ideal flow theory as a tool in evaluating the hydraulic characteristics of open 
channel pump intakes is investigated. 
For the geometry analyzed, ideal flow theory predicted a core region 
flow field which compared closely to that obtained fro111 a viscous flow solution. 
The results show that the flow field remains essentialy uniform over half-way 
into the channel. As the flow a.pproaches tl1e pun1p suction, tl1e velocities near 
the floor increase to al111ost four times tl1e average chan11el velocity, ancl surface 
velocities tend towards zero. While the ideal flow theory cannot preclict vortex 
formation due to the steep velocity gradie11ts or flow around olJstructions, it is 
much more efficient than viscous flow solutions for computing tl1e core region 
flow field, and can be used to narrow the scope of more exte11sive evaluations 
which may be performed to assess the hydraulic design of tl1e cl1annel. 
.,. 
·, 
Chapter 1. 
INTRODUCTION 
In industrial installations, the standard method of drawing water from 
a large reservoir or river is by use of an open cha11nel intake equipped with a 
vertica.l shaft centrifugal pump. The function of tl1e intake channel is to 
supply water to tl1e pump suction witltan even distribution, free of strong 
local currents and vortex action induced by irregular surface con tours and 
interactions with neighboring pumps. In designing the in take channels to 
industrial hydraulic standards, a major parameter considered for evaluating 
the quality of the hydraulic design is the average velocity in the channel. 
Standards require that the design ma.intain tl1e average velocity below a 
specified value to minimize the potentiaJ for hydraulic instabilities a.ssociated 
with I1igh in take ,relocities, such as vortex formation. However, a,s tl1e 
submergen\e of pump suctions increase, it is expected that the velocity 
distribution in tl1e cl1annel will become less uniforn1, 1.witl1 surface velocities 
tending towards zero, making a.verage velocity a less useful and possibly 
suspect parameter for use as a design criterion. 
If the existence of hydraulic instabilities are su-spected in an operating 
channel or assessment of the suitability of a design is desired, the current 
practice is to conduct a scale model hydraulic test of the channel. As an 
alternative to the testing, the use of numerical modeling could provide detailed 
2-
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information about the flow field and allew an assessment of local patterns 
within the c.hannel. Unfortunately, current methods for the nun1erical solution 
. 
of the behavior of real fluids can involve a computational effort wl1icl1 may _ ( 
require resources on the same order as scale model testing. 
The present study evalutes the use of ideal flow theory to predict tl1e 
flow field in a standard cha11nel design. There are several assu1nptions 
i11herent i11 ideal flow theory which greatly simplify the problem to be solved, 
a11d thereby provide an attractive alterna.tive to hydraulic 1nodeling. Tl1e 
bounda.ry integral method for solving the governing equations for ideal flo,v is 
used to pro,ride a.n efficient solutio11 techniql1e; the method is capa.l)le of 
co11centrating on regions of i11tense flow a.ctio11 witl1out requiring a fine 1nesh 
solution over the entire domain. The ideal flow solution is compared to a 
viscous flow solution using the same resolution but requiring a cornputational 
effort several orders of magnitude greater. 
For the simple geometry analyzed, which is typical of cha.nnel designs, 
tl1e use of ideal flow theory proved to be an accurate and efficient a.pproach 
for predicting tl1e l1ydra.ulic characteristics in tl1e inviscid core region of tl1e 
channel. The results show that the velocity field approaching the pump 
suction is very uneven. While average velocity provides an acceptable basis 
for judging the hydraulic design in upsteam portions of the channel, tl1e region 
local to the pump suction must be evaluated using more extensive methods. 
3 
• 
The ideal flow solution cannot predict vortex formation or seperation/ which / l, 
may occur local to the pump suction, however, it can be used to narrow the 
scope of scale model testing to regions wl1ich warrant additional evaluation . 
4 
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Chapter 2 
RELATED CONCEPTS IN FLUID MECHANICS 
2.1 IDEAL FLOW THEORY 
The flow through a channel can be divided into two parts: an inviscid 
flow region comprising the core flow, and a region near the walls where viscous 
effects are important. As the Reynolds number becomes large, the viscous 
regions become increasingly thin so that almost the entire flow may be treated 
with an inviscid flow solution. If in addition, the fluid particles enter tl1e 
channel without rotation and the geometry under consideration is such that 
vorticity generated at the walls stays confined in the viscous regions, then the 
core flow remains irrotational and can be described with ideal flow tl1eory. 
2.1.1 Velocity Field 
Ideal flows i11 a duct are do1ninated by geon1etry. The viscous terms in 
tl1e Na·vier-Stokes equation become small as the Reynolds number increases, 
and the shape and location of tl1e boundary walls plus any sink or source 
terms completely detern1ine the flow pattern. Tl1e solution for the strea.mli11es 
and velocity field is determined by satisfying the co11ditions that: 
a) Mass is conserved: 
--+ 
V·V 0 (2.1) 
5 
and, 
'/ 
b) The fluid particles do not rotate (zero vorticity) : 
-+ 
w 
-+ 
'\7XV ==0. (2.2) 
-+ 
As a mat~ematical consequence of equation (2.1), the velocity vector V can be 
described by a velocity potential ¢ as : 
--+ 
V v'¢. (2.3) 
Substitution of equation (2.3) into equation (2.1) yields the governing 
equatio11 for the velocity potential 
(2.4) 
whicl1 is the Laplace equation. 
Whe11 flow sources or sinks are pret nt in the region of interest, 
additio11al terms must be included on the rigl1t-hand side of equation (2.4) to 
account for their effect on the bel1avior of the flow field. This provides tl1e 
Poisson equation 
2 . . . 
v' ¢ - f(x;y) , (2.5) 
6 
which is solved to find the velocity potential and through the use of equation 
(2.3) the velocity field. 
2.1.2 Pressure Field 
CJ 
In an ideal flow, the velocity field can be completely determined from 
the kinematic relations given by equations (2.1) and (2.2), and the momentum 
equation need only be solved to determine pressure field. For a Newtonian 
fluid, the momentum equation in Na vier-Stokes form is 
--+ 
av + (Y. v)V 
8t 
1 --+ 1 --+ -+ 
-p Vp + /3 + 3vV(V · V) + vv7 2V , (2.6) 
where p is the fluid pressure, v is the fluid kine1natic viscosity (m/s2 ), p is the 
--+ 
fluid den~ity, and /3 is the body force term. An associated equation of 
conservatio11 of mass 
op -+ 
ot + V·(pV) == 0, (2. 7) 
reduces to equation (2.1) for an incompressible fluid 
-+ 
v7.y == 0. (2.1) 
\ Combining equations (2.1) and (2.6) leads to the· momentum equation for 
incompressible fluids 
7 
I' 
(2.8) 
N eclecting the • VISCOUS terms in equation (2.8) for an inviscid fluid yields 
Euler's equation 
(2.9) 
which may be written as 
-+ 2 
~y + V ( ~ ) - V X \7 XV (2.10) 
-+ 
where Vis equal to I V 1· From equation (2.2), for an irrotational flo\v 
-+ 
v'xV == 0 , (2.2) 
and tl1e momentum equation for an ideal flow reduces to 
-+ 2 
8V + v'( y__) at 2 
Setting the body force in equation (2.11) equal to i 
dot product with a displacement vector dr 
8 
... 
. ,
(2.11) 
-+ 
-gk and taking the 
(2.12) 
\} 
) 
/ 
.(., , .. ' 
where dz is the component of dr in the vertical direction. Integrating 
· equation (2.12) between two points 1 and 2 yields the Bernoulli equation 
For an incompressible steady flow, equation (2.13) reduces to 
P + ly2 + gz p 2 constant. 
(2.13): 
(2.14) 
For an irrotational, flow, equation (2.14) holds over the entire flow field with 
the san1e constant arid 111ay be used to calculate pressures within the steady 
flow field. If tl1e fluid particles l1ave vorticity, equation (2.2) does not hold 
and equation (2.14) is applicable only along individual streamlines. 
2.1.3 Boundary Conditions 
Due to the fact that tl1e second order derivatives in equation (2.8) a.re 
eli1ninated, ideal flows ca.nnot satisfy the no-slip conditition at a solid wall 
which requires both tl1e tangential and nor1nal velocity to vanish. With 011ly 
first order derivatives in the governing equation for inviscid flows ( equation 
(2.9)), only one velocity bounda.ry condition can be satisfied at a solid wall. In 
ideal flow, the condition that the normal velocity compor1ent vanish at a wall 
is chosen, and the flow is allowed to slip tangentially along the wall. Wl1ile 
this does not satisfy real fluid behavior at a wall, the slip condition is 
9 
.· ~-
[._ .. 
characteristic of the behavior just outside of the viscous region near the wall 
which serves to decelerate the flow to relative rest at the wall. 
2.1.4 Application 
In many cases, the viscous region is thin and does not disturb the 
inviscid core flow. Therefore, the ideal flow solution can be used to predict the 
c:;( . 
core flow pattern and provid~ the first term in an asymptotic expa11sion of tl1e 
exact solution away from the wall. However, if separation occurs, the 
vorticity and viscous effects are carried into the core region a11d it no longer 
holds that tl1e mai11 body of flow behaves in an inviscid n1anner. 
In tl1e problem under investigation, tl1e geometry upstrea1n of the flow 
sink does not contain irregula.rities wl1icl1 \vould cause flow separation. 
Recirculation zo11es in the rear corners migl1 t be expected for a real fl uicl; 
, l1owever, the effects should not propagate upstrea.n1 and tl1e ideal flow solution 
is expected to provide a reasona.ble approxi1natio11 of tl1e real fluid bel1avior i11 
the core region. 
2.2 OPEN CHANNEL HYDRAULICS 
l .; 
Open cl1annel hydra,ulics involves the flow of a liquid in a conduit witl1 ~ 
a free surface, and relates to a broad range of specialized topics such as wave 
formation, hydraulic jump, flow over spillways, flood control and other such 
flows which are generally dominated by gravity effects. The problem under 
10 
investigation involves an open-channel flow to the extent that one of the 
bounding surfaces exists as a free surface. However, the geometry considered 
• 
is a horizontal channel containing a pump suction which serves as a flow sink 
and is tl1e primary driving force on- the fluid. Consequently, much of the 
theoretical literature on open cl1annel hydralulics concer11ing flow jn sloping 
channels is not applicable to this work and will not be discussed. Tl1e features 
of open channel hydraulics which influence the flow under investigation and 
the approach used to study its characteristics are presented in this section. 
2.2.1 Description 
Ope11 cl1a.n11el flow is the flow of fluid in a conduit \vith a free surfa.ce 
exposed to a gas at atmospheric pressure. Flo,v in a.n open cl1annel is said to 
be: 
a) steady if the deptl1 of flow at any given location does not 
cl1a11ge witl1 ti1ne, a.nd 
b) u11iform if the deptl1 of flow is constant along tl1e length of 
the cha.11nel. 
For open channel flows other tl1an those of tl1e steady unifor1n type the free 
surface will change witl1 time and/or space. 
2.2.2 Effects of Viscosity 
The effects of viscosity relative to inertia in an open channel flow may 
be evaluated using the Reynolds number 
11 
\. 
<:_'' 
Q 
I • 
Re VL V ' 
(2.15) 
where V is the average flow velocity, L is a characteristic length and v is the 
kinematic viscosity of the fluid. In an open-channel flow, the characteristic 
length, L, is considered equal to the hydraulic radius, R, ·of the channel. For a 
rectangular cross section 
R A P' 
where A is tl1e flow area and P is the wetted perimeter . 
., 
(2.16) 
Based on experimental data, an open channel flow is laminar if the 
Reynolds nun1ber, calculated using hydraulic radius as the characteristic 
length, is less than '500. 'The transition fro111 laminar to turbulent flow in an 
open channel occurs in the range of Reynolds number from. fiOO to 12fi00 
Tl1e presence of viscosity creates wall friction and results in a no-slip 
condition at the solid l)ou11darics. llowever, the viscous interaction between 
tl1e fluid and gas at the free surface is weak and a tangential velocity 
component is allowed to exist along tl1e free surface. This complicates the 
calculation of the velocity distribution in the channel since the velocity along 
the free surface is in general not known apriori, but is dependent on the 
\ 
\ 
12 
'·.\ 
channel inlet conditions and state of flow in the channel. 
I 
I 
2.2.3 Velocity Distribution 
The study of gravity driven open channel flows has demonstrated that 
the velocity distribution across a channel section is higl1Iy depende11t on tl1e 
roughness of the boundary surfaces. According to Chow (1959), the velocity 
distribution in a turbulent flow over a smooth surface bel1aves as 
u (2.1 7) 
where V 1 is the frictio11 velocity which satisfies the empirical relatio11 for mea.n 
velocity 
RV1 U O == V 1(3.2'5 + 5. 75log( v )] , (2.18) 
in channels with smootl1 surfaces. 
For rough surfaces, the velocity distribution in a turbulent channel 
flow behaves as 
u 
30y 5. 75V 1Iog( k ) , (2.19) 
where V f satisfies 
• 
13 
... 
-~ 
(2.20) 
A surface is considered rough if its roughness height, k, is greater than tl1e 
critical roughness, kc, defined as 
5Cv 
'1gU o ' (2.21) 
where C is a factor of flow resistance, known as Chbzy's C which behaves as 
(2.22) 
,· 
for s1nooth surfaces and , 
( 2. 23) 
for rough surfaces. 
2.2.4 Conclusion 
The expressions presented· above are based primarily on empirical data 
from studies of gravity driven open-channel flows, where surface rougl1,ness is a 
l, 
dominant influence on the behavior of the velocity distribution and the viscous 
"region extends over the entire section. In the problem under investigation, a.s 
the flow proceeds into the channel, the sink effects become dominant and 
14 
' 
' 
"create high velocities near the channel floor which keep the viscous region thin 
and allow the use of inviscid flow analysis in the core flow. However, at the 
entrance of the channel, the .. effect of the sink on the velocity distribution is 
small and the flow coming from a large reservoir can be expected to behave 
more like a gravity driven flow with a velocity distrilJution governed by the 
relations presented above. Consequently, tl1e relations for ope11 channel 
velocity distribution will be used to develop tl1e flux boundary condition at the 
cha.nnel entrance. 
15 
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Ch'apter 3 
THE BOUNDARY INTEGRAL METHOD ... 
As discussed in Chapter 2, the flow of an ideal fluid is governed by the 
Laplace equation, or the Poisson equation in cases where a source or sink term 
is present in the computational domain. In the problem under investigation, 
ideal flow tl1eory is used to predict the behavior of tl1e flow i11 an open cha11nel 
with a sink. The boundary integral method will be employed to solve the 
Poisson equation governing this flow. Presented below is a brief description of 
the equatio11s and methods used in the classical boundary integral metl1od. 
3.1 INTRODUCTION 
An analytical solution of the Laplace equation may be possible when 
tl1e geometry over which the equation is applied is sin1ple and tl1e bouncla.ry 
conditions are amenable to tl1e solution method being en1ployed. llowever, for 
complex geometries and boundary conditions, numerical solutions of the 
Laplace equation are often the only alternative. 
There are a number of numerical schemes available for solving the 
Laplace equation. Popular domain methods include the finite difference and 
finite element methods in which an algebraic a.pproximation of the differential 
equation is 'applied at selected domain points to generate a coupled set of 
algebraic equations. The matrix formed by these equations is solved to 
16 
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produce the solution of the Laplace equation at the prescribed domain points. 
As an alternative to domain methods, the boundary integral method 
approximates an integral equation at· nodal points along the boundary to 
produce a set of algebraic equations. The solution of these equations provides 
a complete description of the boundary conditions, which may then be used to 
calculate tl1e solution of the differential equation within tl1e domain. 
The boundary integral method is used for this work because it has a 
number of inl1erent advantages which allow flexibility in the type of geometry 
that may be analyzed. The major advantages of the boundary integral 
method in application to this work are: 
a) The set of co11pled equations is much smaller tl1an that 
obtained ,vith the domain 1nethods. This allo,vs the use of direct 
metl1ods for solution of the n1a.trix. 
b) The method . IS more a.daptable to curved boundaries and 
complex geometries since the discretization is carried out on the 
boundary. 
c) A non-uniform mesl1 may be applied without the additional 
complexity i11herent in domain methods. 
d) The solution within the domain may be obtained at an.y 
point by a simple integratio11 around the boundary. 
The boundary integral method is applied to provide the solution for 
17 
the flow field of an ideal flow in a rectangular channel \vith non-uniform 
boundary conditions. The features of the method discussed above readily 
allow the analysis of more complex geometries with a variety of boundary 
conditons. However, the objective of tl1is work focuses on the analysis of the 
flow field with ideal flow theory, and the boundary integral method is used 
because it is well suited for this application. 
3 .,-2 FORMULATION OF THE INTEGRAL EQUATIONS 
The classical boundary integral metl1od may be a.pplied to find the 
solution for tl1e flow potential ¢ governed by tl1e Laplace equation 
0 
0, (3.1) 
subject to boundary conditions prescribed by known values of ¢ and ¢1, where 
¢1 is the derivative normal to the boundary. Tl1rough the use of Green's 
second identity and the principle Green's function, a,11 integral formulation of 
the solution to equation (3.1) is obtained whicl1 is solved using the classica.l 
boundary integral metl1od. Tl1e solution of tl1e Poisson equation 
v' 2 ¢ == f(x,y ,z) , "(3.2) 
is obtained by extending ·the method developed for the Laplace equation. 
Presented below is the formulation of the integral equations for ¢ in two 
18 
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dimensions which will be applied to the problem under investigation. 
3.2.1 Green's Function 
Given a point source of strength 1 located at (x0 ,y0 ) in a two-
dimensional space described by the Cartesian coordinates (x,y ), the solution of 
the equation 
6(x-· xo,y-· Yo) ' (3.3) 
is a two-dimensional Green's function. Here 8 is the two-dimensional Dira.c 
delta function which exhibits the properties: 
and, 
6(x-x0 ,y-y0 ) == 0 
j j 8(x-x0 ,y-y0 )dxdy 
A 
if (x,y) "# (xo,Yo) , 
1 ' 
(3.4) 
(3.5) 
where equation (3.5) is satisfied if (x0 ,y0 ) lies within the area A in the (x,y} 
pla.ne. Evaluating equation (3.3) in a cylindrical coordinate system local to a 
,, 
radially symmetric source, it can be shown that for r>O the general solution is 
.G A logr + B , (3.6) 
.,.f 
19 
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where A and B are constants, and r is the radial distance from the source at 
r = ~(x-xo) 2 + (Y-Yo) 2 • (3. 7) 
In most applications of the boundary integral method, it is sufficient to use 
the principal Green's function where A = l1r and B is zero and therefore 
G 1 2 7r logr , (3.8) 
is the principal Gree11 's function in two dimensions whicl1 satisfies equation 
(3.3). 
3.2.2 The Boundary Integral Formula in Two 
Dimensions 
An integral solutio11 of equation (3.1) may be obtained by considering 
two scalar functions q')(x,y,z) and 7/J(x,y,z) ,vhere q') is assumed to be the 
solution of equation (3.1) and 7/J is an arbitrary function. Green's second 
identity relates the functions q') and 1jJ in three dimensions by 
(3.9) 
, where er is any tl1ree dimensional volume, and 1 is the bounding surface. For 
20 
a two-dimensional problem, where it is assumed that ¢ is independent of z, the 
volume integral in equation (3.9) is evaluated· over an area. A and the surface 
integral is considered over the curve e bounding A to yield Green's second 
identity in two dimensions 
J j(qJV2VJ - 7/Jv'2¢)dA 
A 
f (<Pot/; - 7/JO<P)ds. on 8n (3.10) 
e 
If the principle Green's function G is substituted for 7/J and equation (3.1) is 
applied, it follows that 
J j(qJV 2G)d.A = f (qJi~ - G~:)ds. (3.11) 
A e 
Substitution· of equation (3.8) for the principle Green's function and 
application of equations (3.3) and (3.5) yields the relation for ¢ at a point 
~ 
(x0 ,y0 ) within .A 
(3.12) 
where r is the distance from (x0 ,y0 ) to a point (x,y) on the curve e and fn 
denotes the derivativ:~ in the outward normal direction to tl1e boundary curve 
To find ¢ within the d·omain using equation (3.12), the values of ¢ and 
-21 
.• 
o<j) 
on must be known on the curve e. However, in general only one o
f the 
boundary values is known at a given location on e, and it is necessary to find 
a rr1ethod to determine the unknown condition. In the boundary integral 
method, the unknown· conditions are evaluated by developing a special 
equation on the boundary by considering the limit of equation (3.12) as 
(x0 ,y0 ) approaches e. It is evident from equation (3.12) that as (x0 ,y0 ) 
approacl1es e, r -* 0 and the logarithmic terms become singular. To evaluate 
¢ at a boundary point, the contour must be indented using a small semi-circle 
of radius f; evaluation of tl1e integral along the sen1i-circle and letting f -* 0, 
) 
I yields a formula whicl1 may be a.pplied to evaluate ¢ on the Boundary e. Tl1is 
is given by Jaswon, Sy1nm (1977) as 
}r f { q\ Ji/Iogr) - logr ~~} ds , (3.13) 
e 
where the integral in equation (3.13) must now be interpreted as a Cauchy 
principal vaJue i11tegral. Equations (3.12) and (3.13) provide the integral 
formulations for ¢ within tl1e domain a.nd on the bo,undary respectively, and 
are applicable for an outward-poi11ting normal. In a given application, it may 
be convenient to work with an inward-pointing normal so that the flux ~~ is 
positive facing in from the boundary and therefore, flow leaving the system is 
positive. In the case of an in·ward positive normal the right hand side of 
equations (3.12) and (3.13) change sign and the expression for ¢ within the 
domain becomes 
22. 
I 
l f { 8 8¢} 
-- </J-(logr) - logr- <ls 21r 8n 8n ' (3.14) 
e 
and the expression for </J on the boundary becomes 
lf { 8 8¢} 
-- ¢-(logr) - logr- ds 
7r 8n 8n ' (3.15) 
e 
In the problem under investigation the inward-pointing convention is used and 
equations (3.14) and (3.15) are applied. 
3.3 THE BOUNDARY INTEGRAL SOLUTION 
In tl1e boundary integral method, tl1e integral forn1ulation for ¢ on tl1e 
boundary, given by equation (3.15), is discretized to produce a system of 
algebraic equations for cp and ~~ around the boundary. This system of 
equations is solved to produce a. co1nplete set of bou11dary data which may 
then be used i11 evaluating tl1e integral of equation (3.14) to calculate ,j; at a 
point (x0 ,y0 ) within the domain. A brief summary of tl1e classical boundary 
integral 1nethod for discretizing the boundary and developing the algel)raic 
approximations of equations (3.14) and (3.15) is presented below. 
3.3.1 The Boundary Solution 
In the boundary integral method, tl1e boundary of the geometry under 
investigation is divided into a number of elements. The classical boundary 
integral method assumes that for a given element, the boundary conditions </J 
23 
and i: are constant and given by the value at the midpoint of the interval. 
The end points of an element are called the interval points and the midpoint is 
called the nodal point of the element (see Figure 3.1). Tl1e integral in 
equations (3.14) and (3.15) is eva.luated as the sum of the integrals over each 
element, and since the values for </J and ~: are assumed constant over an 
element they may be removed from the integration. Therefore, for the jth 
element (see Figure 3.2) it is necessary to evaluate the following integrals: 
S· 
J+1 J logr~! ds ~ 
S-J 
s j+l 
</> j J f n (logr )ds , 
sj 
Sj+l 
</!' j j logr ds . 
s ,j 
J 
(3.16) 
( 3 .1 7) 
Applying the a.pproxima.tions given by equations (3.16) a.nd (3.17) to equation 
(3.15), tl1e integral for1nulation for ¢ at the 11odal poi11t of tl1e ith element on 
the boundary becomes 
Sj+l 
1 N ( J 8 
- 7f L </! j On (logr )<ls -
J=l s. 
J 
s j+l 
¢>\ J logr <ls)~ 
sj 
The integrals in equation (3.18) are evaluated using complex variable theory 
to yield the algebraic approximation to the integral differential equation (3.15) 
• 
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Figure 3.1 Boundary Discretization 
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0 
(3.19) 
where /3ij and O\j are constants whose values depend only on the geometry, 
and are defined as 
aij == acosf3log(b) + h(logb - 1) + a?jJsin/3 , (3.20) 
- 'ljJ ' (3.21) 
The parameters in equations (3.20) and (3.21) are given as (see Figure 3.3) 
(3.22) 
(3.23) 
_ _1 (a2 + b2 - h2 ) 1P - cos -· 2ab ' (3.24) 
_1 (a2 + h2 - b2 ) /3 == cos 2ah ' (3.25) 
where (xi,Yi) is the location of the nodal point for the ith element. The above 
equations (3.14) through (3.25) apply for an inward-pointing normal at the 
boundary. 
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Figure 3.3 Definition of Integration Variables 
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For a given problem, the boundary is discretized and either </J or i: 
(but not both) will be known along each element. Equation (3.19) is then 
applied at e,rery nodal point to yield a set of coupled algebraic equations which 
contain the unknown values of either </J or i: on each boundary element. The 
unknown conditions are then calculated by solving the linear system of 
algebraic equations. 
3.3.2 The Domain Solution 
To evaluate ¢ within the domain, a discretization of equation (3.14) is 
obtai11ed usi11g the same method a.s that outlined for equaton (3.15), viz., 
(3.26) 
Here, /Jij and aij are evaluated using equations (3.20) through (3.25) where 
(x i,Y i) are the coordinates of the domain point, <Pi is the potential at (x i,Y i), 
and the subscript j de11otes the value at the jth boundary element. Equation 
(3.26) i~ applied directly to calculate ¢ at any point within tl1e do1na.in using 
the values for ¢ j and ¢' j calculated from the boundary solution. 
3.4 SOLUTION OF THE POISSON EQUATION 
To this point, the development of the boundary integral metl1od has 
been for situations where <jJ satisfies the Laplace equation (3.1 ). The method 
will now be extended to obtain the solution of the Poisson equation in two 
29 
dimensions, which is 
(3.27) 
This algorithm . will be applicable when a source or sink term exists in the · 
computational domain. 
3.4.1 The Boundary Integral Formula in Two 
Dimensions 
In the integral formulation for the solution of the Laplace equation, 
equation (3.1) was substituted i11to Green's second identity in two di1ne11sions 
( equation (3.10)) to eliminate one of the terms under tl1e area integral. 
When this substitution for "'\7 2 ¢ is made witl1 the Poisson equation, the non-
homogeneous rigl1t hand side of equation (3.27) produces an additional term in 
tl1e integral forn1 ulation for ¢, and equa.tion ( 3.14) becon1es 
l f { 8 8¢} 
-- ¢-(logr) - logr- ds 271" an 8n 
e 
+ i7f J f rcx,y)logr d..A., 
A 
(3.28) 
for the Poisson equation. Here f(x,y) is the sink/source term and may be 
represented by 
,;fr· 
30 
f(x,y) = m8(x-x0 ;y-yo) , (3.29) 
where m is the strength of the sink or source ( m is negative for .a source and 
positive for a sink, with an inward-pointing normal at the boundary). 
Substituting equation (3.29) into equation (3.28) and recalling the properties 
of the Dirac delta function given by equations (3.4) ancl. (3.5) produces the 
integral formulation for ¢ withi11 a domain governed by the Poisson equation, 
• • VIZ., 
l f { 8 8¢>} 
-- </>-(logr) - logr- ds + 21r on 8n ~logrs . (3.30) 
e 
Here, r., is the distance from the 0 source/ sink location ( Xs ,Y s) to the point 
(x 0 ,y0 ) within the domain defined by 
rs (3.31) 
Similarly, the expression for </> at a point (x0,y 0) on the boundary becomes 
\ 
<P(xo}I = -}f {<t>f0 (Iogr) - logr~!}ds + ~logr,, (3.32) 
- . . e 
for the two-dimensional Poisson equation with an inward-pointing normal. 
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3.4.2 The Boundary Integral Solution 
The algebraic approximation of equations (3.30) and (3.32) is identical 
to that developed for the Laplace equation, except that tl1e source/sink term 
is included. An expression for <Pi at a point within the domain is given by 
- o:;j ¢/ j ) + ~logr, , (3.33) 
and at a nodal point on the boundary 
cxij ¢/ j ) + ~logr, , (3.34) 
where the expressions for /3ij and aij, a.re those given by equations (3.20) and 
(3.21). 
The boundary integ-ral solution of the Poisson equation proceeds in 
exactly the same manner as that for the Laplace equation except that the 
equations for ¢ on the boundary and within the domain contain an extra 
4' 
constant due to the source/ sink term. 
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Chapter 4 
MODEL DESCRIPTION 
The flow field in an open channel intake for a \rertical pit pump is 
analyz~d using a numerical simulation based on the boundary integral method. 
The physical geometry is discussed below, and the discretization scheme used 
to define the geometry and boundary data associated with the bou11dary 
integral method is presented. 
4.1 PHYSICAL DESCRIPTION 
The geon1etry modeled is part of a. pump intake structure located on a 
large cooling pond. The two-dimensional steady flo\v through a single channel 
of uniform cross section is ana.lyzed. The cl1a11nel is rectangula.r, 9.45m long, 
l.96n1 in width, with a water deptl1 of 5. 79n1; it ha.s a free surface, a solid 
concrete floor, side walls and rear wall, and an entra.nce open to the cooling 
pond. Flow is directed through the channel towards a pump suction located 
0.305m from tl1e rear wall and 0.305m off of the floor. The pump serves as 
., 
the lone flow sink through which water leaves the channel. The channel is the 
dedicated flow path for a single pun1p and hydraulic i11stabilities due to 
interaction with the flow field induced by neighboring pumps housed i11 the 
' intake structure are minimal. 
Water is drawn into the channel by the pump at a rate of 
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0.379m 3 /sec. The fluid velocity at the entrance to the channel is on the order 
of 0.04m/s, which is small with respect to the channel dimensions. Since the 
pump suction is located at the rear wall of tl1e channel, its effect on the 
velocity distribution a,t the entrance is small and the variation of tl1e entrance 
velocity with depth can be expected to behave according to the relations for 
open channel flow presented in Chapter 2. Appendix A provides a calculation 
of the entrance velocity profile for the given flow rate using the open channel 
flow relations. 
Inspection of tl1e channel i11 operation reveals no significant waves, 
vortices, or eddies existi11g on the free surface. The flo,v through the channel· 
is steady a.nd no obstructions exist in the free stream to create st1rfa.ce 
deformations. 
4.2 THE NON-DIMENSIONAL PROBLEM 
The problem is formulated in two-dimensio11s, by considering changes 
in tl1e flow field along the lengtl1 and depth of the cha11nel, denoted as the x 
and y dimensions respectively. A characteristic length L correspo11ding to tl1e 
length of the channel, is used to non-dimensionalize the coordinates, with the 
non-dimensional variable in tl1e x direction defined by 
X * (4.1) 
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and in the y direction 
: 
y* y L . (4.2) 
.. 
A characteristic velocity U oo corresponding to the average velocity in the x 
direction at the entrance of the channel is used to non-dimensionalize tl1e 
velocity field according to 
u * u 
u 00 ' ( 4.3) 
and, 
v* V u 00 • ( 4.4) 
where u and v are the x and y components of the velocity field respectively. 
Since an ideal flow. solution is used, the calculated flow field is independent of 
Reynolds number, and the velocity field for any flow rate enteri11g the cl1annel 
may be obtained by calculating tl1e corresponding characteristic velocity U oo 
and using the relations from equations ( 4.3) and ( 4.4) to compute the actual 
velocities. Therefore, the non-dimensional results may be applied to any flow 
rate, provided the ideal flow assumption remains reasonable. 
) ... 
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4.3 THE NUMERICAL MODEL 
To apply the boundary integral method to solve the Poisson equation 
governing the ideal flow through a channel, the external surface of the flow 
system must be discretized. A complete set of boundary data is then 
calculated by solving the system of equations obtained by applying equation 
(3.34) at every boundary element. Domain i11formation may tl1en be 
·. 
calculated using equation (3.33) to find tl1e velocity potential ¢ at any point 
within the boundary, and a.pplying the relatio11s prese11ted in Chapter 5 for tl1e> 
strean1 function 1/J, and the x and y components of velocity, u * and v* 
respectively. To use the relations for 1/J, u *, and * v, an appropriate 
discretization of· the domain must be provided. Presented below is a. 
description of tl1e bou11dary and domain discretization used for tl1e problem 
under investigation. It should be noted tl1at the relatio11s used to calculate 1/J, 
u *, and v* are fi11ite difference approximations applied to tl1e values of ¢ 
calculated within tl1e domain; in order to compute these quantities, values of¢ 
, 
... , 
were obtained at points in a structured rectangular grid in tl1e soluti11 domai11. 
4.3.1 Boundary Discretization 
The boundary discretization scheme used for this problem is shown in 
Figure 4.1. A si1nple uniform mesh applied around the boundary witl1 the free 
surface and floor each made up of 31 elements, and the rear wall and intake 
e11trance modeled with 19 elements apiece was sufficient to model the 
geometry under consideration. A sensitivity analysis on boundary element size 
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:was performed using twice the number of elements in a 62 x 38 arrangement 
with a uniform mesh. The potential cp calculated on th~ boundary is plotted· 
as a function of length s along the boundary in Figure 4.2 for both the 31 x 19 
and 62 x 38 discretization. A reference potential of </; == 0 is used at tl1e 
midpoint of the free surface to specify the arbitrary constant in the integration 
performed around the boundary. 'F·he results show that the difference in 
potentials calculated is negligible and tl1e additional computational effort 
associated witl1 the finer discretization is not warranted. The 31 x 19 scheme 
was used for the final calculation. Some analysis was done to investigate the 
use of a non-uniform telescoping mesh around the corner at the i11take 
entra11ce to s1nooth tl1e sudden transition from a bounda.ry condition of zero 
flux cp 1 at tl1e solid wall to a finite flux at tl1e entrance. This also proved to be 
an unnecessary complication of the problem and a uniform mesh was found to 
be sufficient. 
4.3.2 Domain Grid 
To apply the finite difference relations used to calculate the stream 
function 'lj), and velocities u * and v* within the domain, a structured grid is 
required for the domain. A consta.nt interval between domain points is used 
in both the x and y directions, and the interval length is the same in both 
directions,' as shown in Figure 4.1. Concentrating a greater number of domain 
points in regions where intense flow variations occur would provide better 
resolution of the flow field and more accurate difference approximations in 
37 
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that area. However, the results show that cl1anges in the flow field were 
fairly gradual except in the area very local to the sink. The ideal flow solution 
.. 
is not valid close to the sink where corner effects can be expected to create 
vorticity and recirculation patterns. Tl1is is not the· region of interest in this 
investigation, and concentrating a large number of domain points in that area 
is not necessary. 
As shown in Figure 4.1, ~he domain is divided into 62 intervals in the x 
direction, and 38 intervals in the y direction. This produces 63 computational 
domai11 points per row and 39 per column, with the endpoints very close to 
' 
the boundary. Tl1e domain points in the area between the sink and the 
adjacent corner are left out of tl1e solution for the reaso11s discussed above, 
leaving a tota.l of 2448 points where <lama.in calculations are performed. 
4.3.3 Sink Description 
The pun1p suction is modeled as a sink i11 tl1e computational domain to 
withdraw water from tl1e channel. The sink is located at x* == 0.03226, y* 
0.03226, correspondi11g to the centerline location of the pump suction bell. 
In potential flow theory, the Gomplex potential for a ·sink is given as 
<I>(z) ~log(z-z 0 ) , ( 4.5) 
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(Milne-Thomson, 1960), where m is the strength of the sink, and z 0 is the 
location of the sink. The complex potential may be seperated into real and 
imaginary parts according to 
~(z) ¢( x,y) + it/J( x,y) . ( 4.6) 
From equations ( 4.5) and ( 4.6), the expression for the velocity potential ¢; for 
a sink is 
qj(x,y) = ~logrs , ( 4. 7) 
where rs is the radial distance from tl1e sink to the point (x,y). As discussed 
in Chapter 3, the sink term given by equation ( 4. 7) is _ _, added to the integral 
formulation for the solution of the Poisson equation for ¢. Since equations 
(3.33) and (3.34), used for the solution of the velocity potential ¢, co11tain 
eqution ( 4. 7) to account for the presence of a source or sink, the only input 
required to describe a sink in the computational do·main is specification of its 
strength m and location (xs,Ys). For the equations formulated in Chapter 3, 
a sink is represented by a positive ,,alue for the strength and a source by a 
negative value. 
Since all water entering the channel is withdrawn by the sink, the 
strength m is dependent on the inlet flux. A'ppendix B provides the 
41 
formulation for the sink strength, which is simply equal -to • minus 
integrated flux across the boundary. In a two- dimensional boundray integral 
formulation, this corresponds to the negative sum of the boundary fluxes times 
their respective element length ds 
m 
N I 
- """ A\. ds . LJ 'f' z i. -· (4 .. 8) 
i== 1 
For the problem under investigation, a sink strength of m == 0.613 satisfies the 
mass balance with the bounda.ry conditions described in the next section. 
4.3.4 Boundary Conditions 
To apply the boundary integral method for the solution of an ideal 
flow problem over a given geometry, either the velocity potential ¢, or the flux 
¢;1 must be specified for every element on the boundary. Using the geo1netry 
data and the specified boundary conditions, the boundary integral solution 
provides the unk11own boundary data for each element. 
In the open channel flow analyzed, the flux ¢1, which corresponds to 
minus the velocity in the inward normal direction to the boundary is easily 
specified. Tl1e floor and rear wall are solid surfaces and consequently a 
boundary value of ¢;1 = 0 is specified for each element, indicating that there is 
no flow across these surfaces. The problem is considered a steady and: uniform 
open channel flow and by the definition provided in Chapter 2, the free 
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surface does not deform. This provides a boundary conditi~n of ¢1 = 0 along 
the free surface. A reference potential of <P = 0 which is needed to evaluate 
the constant of integration in the boundary integral solution is specified at 
e 
one element in tl1e middle of tl1e free surface . The choice of <P == 0 is 
arbitrary and will only serve as a reference value for the calculation of tl1e 
other potentials. The midpoint of the free surface was used as the reference 
point since there is little action normal to the surface tI1ere. Therefore, if tl1e 
flux calculated for this element by the boundary solution is not exactl)' zero 
due to numerical error or a modeling deficiency, the effect on the prediction of 
the flow field can be evaluated readily. 
The flux at tl1e inlet of the channel is specified to describe the 
entrance velocity distribution. Since tl1e sink is located at the opposite side of 
the geometry and tl1e entrance velocities are small comp~red to the 
characteristic length L, tl1e flow pattern at the entrance is dominated by open 
channel effects and the variation of the entrance velocity with depth can be 
expected to behave according to the relations presented for open channel flow 
in Chapter 2. The open cl1annel velocity distribution derived in Appendix A is 
plotted in Figure 4.3. Except for the logarithmic behavior close to the wall, 
the open channel velocity distribution compares closely with the uniform 
profile presented in Figure 4.4, and to simplify the calculation, a uniform 
velocity distrib11tion was used to model the inlet flow to the channel. The 
uniform velocity boundary condition satisfies the free slip assumption at the 
~ 
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boundaries and is therefore an appropriate representation of the open channel 
distribution for an ideal flow. A uniform velocity u* == 1.0 is specified at the 
inlet using" the boundary condition ¢1 == -1.0. Specificatio11 of the ope11 
channel profile shown in Figure 4.3 would have no effect on the calculation, 
since the flow near tl1e wall would accelerate rapidly due to the free-slip 
boundary and create an effectively uniform flo\V across the cl1annel. 
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Chapter 5 
THE SOLUTION ME·THOD 
A computer code written in FORTRAN-77 was used to set up the 
problem from basic input and carry out the boundary integral solution of the 
Poisson equation considered for this study. Algorithms were also 
incorporated to calculate the steam function 1/J, and the velocity components 
u * and v* using the output for the velocity potential ¢ from the boundary 
integral solution. Presented below is the basic solution method used to obtain 
the results discussed in Chapter 6. 
5.1 THE BOUNDARY SOLUTION 
In this formulation of the boundary integral solution, it was first 
necessary to solve for the unknown values of ¢ on each boundary element. In 
order to do this, the geometry was defined using the boundary discretization 
presented in Chapter 4. The kno,vn boundary condition, ¢; 1, was specified for 
each boundary element and a matrix constructed using equation (3.34) was 
solved to yield the unkno,vn values of ¢. A brief outline of the steps used to 
carry out this procedure is presented below. 
5. 1. 1 Input 
The geometry was defined by specifying the coordinates (xj,Y j). of the 
interval points, and the known boundary condition at the point (x. 1 , y. 1) . 
.1+- 3+-
. · 2 2 
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The sink location (x0 ,y0 ) and strength m were defined to complete the· input 
necessary to solve for the unkown boundary data. 
r'} ·l~: 
.. 
5.1.2 Nodal Points 
To complete the geometry definition for the boundary integral 
solution, tl1e coordinates of the nodal points were calculated at the midpoint 
between successive interval points. 
5.1.3 Boundary Integral Constants 
In order to apply equation (3.34) over the boundary, the set of 
constants aij and /3 ij were calculated for each boundary element using 
equations (3.20) and (3.21). These constants depend only on the geometry 
and were evaluated using the ith nodal point and the jth and jth+lst interval 
points as shown in Figure 3.3. 
5.1.4 Matrix Construction 
Equa.tion (3.34) was applied at each nodal point (xi,Yi) to form a set 
of equations containing the unkn-own potentials ¢ and fluxes ¢
1 with constant 
coefficients. All other terms in the equations are constants based on the 
geometry, known boundary conditions, and sink stength and location. The 
resulting equations are a non-homogeneous, coupled algebraic set with all 
known values grouped on· the right hand side. The equations were solved 
using standard methods of linear algebra to yield the solution of the unknown 
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potentials on the boundary. 
5.1.5 Matrix Solution 
The set of equations constructed with the boundary integral method 
. 
produces a full matrix of dimension N x N, where N is the number of elements 
used to discretize the boundary. In the prol)lem under investigation, the 
matrix was small enough ( 100 x 100) to solve by direct metl1ods. Gaussian 
-· '1 
elimination was applied to the augmented matrix to produce an upper 
triangular matrix. Back substitution was used on the upper triangular matrix 
starting with tl1e Nth row to solve for the unkown values of¢. 
5.2 THE DOMAIN SOLUTION 
Values for tl1e velocity potential ¢, tl1e strea111 functio11 7f', a11d tl1e 
velocities u * and v* were calculated at the <lama.in points sl1own in Figure 4.1. 
The boundary integral 111ethod for domain points was used to solve for ¢; tl1en 
finite differe11ce methods were applied using the calculated values of ¢ withi11 
tl1e domain to find 'lj), u *, and v*. 
5.2.1 Input 
-
- - I 
The complete set of boundary data for ¢ and ¢ , and the coordinates of 
the boundary interval points were required to apply the boundary i11tegral 
method to calculate ¢ at points within the domain. A structured grid in the 
flow domain and the value of ¢ at each domain point were used to apply the 
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finite difference relations to calculate·¢, u·*, and v* within the domain. 
5.2.2 Velocity Potential 
After the boundary solution was complete, all values of ¢ and ¢ 1 on 
the boundary were known and equation (3.33) was applied to integrate around 
the boundary and calculate ¢ directly at the grid points within the domain. 
The constants aij and /3 ij in equation (3.33) were calculated using the domain 
point as the nodal point in equtions (3.20) and (3.21 ). 
5.2.3 Velocities 
Tl1e velocities u* and v* were computed at each domain point using the 
., 
calculated values of¢ within the domain. From potential flow theory 
/ 1 I', 
~ / 
- __ /· 
u(x,y) 
and, 
v(x,y) 
8¢(x,y) 
ox 
8¢(x,y) 
oy 
' 
• 
( 5.1) 
(5.2) 
Finite difference relations were applied to approximate the derivatives in 
equations (5.1) and (5.2) and obtain the va.lues for u* and v*. At points away 
from the boundary, central difference equations were used and the velocities at 
column i and row j were approximated by 
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(5.3) 
and, 
. ,.. _ <Pi,i+l - <Pi,j-1 + O(~y)2 , 
V i,j 2dy 
( 5.4) 
0 
where ~x and Lly are the distance between domain points in the x and y 
directions respectively. If the velocity of interest was adjacent to the 
boundary, sloping difference relations were used to approximate eqt1ations 
'~ 
(5.1) and (5.2) where appropriate. Three point sloping difference relations . 
proved to be adequate for tl1is study. For points adjacent to tl1e left 
boundary, forward difference relations were applied to yield 
,jc u .. 
1,· .J 
. ' 
-3</;i,j + 4</Ji+l,j - <Pi+2,j + 2 
2~x O(~x) ' 
and for points adjacent to the lower boundary, 
v* .. -
't 'J 
=· ._3_¢_i '-j _+_4_¢_i ,_j_+ l __ <P_i ,_j +_2 + (j ( ~y) 2 • 
2~y 
( 5.5) 
( 5.6) 
For points adjacent to the right boundary, backward difference realations were 
applied to yield 
* u .. -
1, 'J 
3A. . . - 4A.. 1 . + A.. 2 . 
o/ ' ' 3 \fJ' - ' 1 o/' - ' 3 + (j ( d x) 2 , 
26x 
(5. 7). 
.. 
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and for points adjacent to the upper boundary, 
* V . ~ 
'I,' J 
(5.8) 
5.2.4 Stream Function 
The stream function was calculated at every domain point by making 
use of the calculated velocities and the relation 
u *(x,y) 
Tl1erefore, 
1/J(x,y) 
87/J(x,y) 
ay . 
y j u*(x,y)dy + "Po , 
0 
(5.9) 
(5.10) 
wl1ere 1/Jo is a reference stream function, whicl1 was set equal to zero at the free 
surface for this study. The integration wa.s performed starting. from the free 
surface and using the trapezoidal rule, where 
y+h J xdy ~ t (x(y+h) + x(y)) . (5.11) 
y 
Therefore at column i and row n, · 
~y ( * '* 2~ * ) 1Pi,n ~ 2 U i,0 + U i,n + U i,j · 
J == 1 
. (5.12) 
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RESULTS 
The flow field in the open channel described in Chapter 4 is predicted 
using ideal flow theory. The solution was obtained using the boundary 
integral method to solve the Poisson equation for the velocity potential. 
Stream functions and velocities within the computational · domain were 
calculated using the difference relations presented in Chapter 5. Results of 
this analysis are presented as plots of streamlines, velocities, and lines of· 
constant potential within the domain. 
6.1 VELOCITY POTENTIALS 
Values for tl1e velocity potential <fa were calculated at every point 
within the don1ain shown in Figure 4.1. Lines of constant potential were 
developed by interpolating for the coordinates of specific values of <fa o,,er tl1e 
rows and columns in the domain. Figure 6.1 sl1ows the lines of constant 
() 
potential plotted over the domain. The flow is from rigl1t to left in tl1e 
channel, and consequently tl1e potentials decrease as the lines approach the 
,. 
sink. The results show that the flow field remains basically uniform until it 
penetrates half-way into the channel. In the area of the sink, the flow field 
becomes almost radially symmetric, requiring larger gradients at the top of the 
channel to turn the flow towards the sink. 
53 
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6.2 STREAMLINES 
Data for the stream function 1/J were calculated at every domain point. 
Streamlines representing lines of constant 1/J were constructed by interpolating 
for the coordinates of specific values of 1/J over the domain, similar to the 
approach used to develop the lines of constant potential. Figure 6.2 sl1ows the 
streamlines for selected values of 1/J within the domain. There is no flo,v across 
a streamline and Figure 6.2 shows how the flow converges towards the sink. 
Figure 6.3 presents the lines of constant potential a.nd strearnlines plotted 
togetl1er to demonstrate the orthogonality of the two functions. 
6.3 VELOCITIES 
Tl1e boundary conditions specified a uniform non-zero flux at tl1e right-
l1an,d boundary to represent flow entering tl1e channel fro1n tl1e reservoir. 
Figure 6.4 shows the velocity field remains uniform until tl1e flow is 
approximately half-way into the cl1annel, at wl1ich poi11t the si11k effects cause 
the fluid particles at the bottom of the channel to accelerate in the x direction. 
» 
To satisfy conservation of mass, the velocities near the top of the cl1a11nel 
decrease. The result is a very non-uniform velocity distribution over tl1e depth 
of the channel., with velocities near the bottom of the channel wl1ich are 
several times greater tha.n tl1e characteristic velocity U oo· 
,, 
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Figure 6.1 Lines of Constant Potential in an Open 
Channel Pump Intake 
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Figure 6.2 Streamlines in an Open Channel Pump Intake 
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Figure 6.3 Lines of Constant Potential and ·Streamlines 
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Chapter 7 
COMPARISON WITH A VISCOUS FLOW SOLUTION 
4 
The results presented in Chapter 6 were obtained from an ideal flow 
solution. The use of ideal flow theory allows the assumptions of 1) zero 
viscosity and 2) zero vorticity which greatly simplify the equation governing 
the flow, and thus allow an economical solution of the core flow. In this 
chapter, the solution of the open channel flow problem obtained by solving tl1e 
full two-dimensional Navier-Stokes equation will be presented. The results a.re 
compared to those of Cl1apter 6 obtained with ideal flow theory in order that 
the consequences of the ideal flow assumptions on this type of problem may be 
evaluated. 
7.1 INTRODUCTION 
As discussed in Chapter 2, the Na vier-Stokes equation governs the flow 
of a real fluid. Owing to the non-linear nature of the Na vier-Stokes equa.tion, 
solution of a multi-dimensional flow of a real fluid requires a. state-of-the-art 
numerical solution. To perforn1 the analysis discussed i11 this chapter, the 
C0Ml\1IX-1B computer code developed at Argonne National Laboratory (Sha, 
1985) for solution of multi-dimensional viscous flow problems was applied. 
COMMIX-lB uses finite difference methods to solve tl1e conservation 
equations for energy, mass, and_ momentum for a real fluid. The k-f 
turbulence model in COMMIX-1B simulates the effects of vorticity production 
59 
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and energy dissipation due to turbulence, which is generated in the viscous 
region where large velocity gradients exist as the flow decelerates to zero at 
the wall. However, without concentrating a large number of computational 
cells close to the wall, the resolution of the calculation will not be sufficient to 
capture tl1e phenomena associated with turbulenc~ production in the viscous 
region, and the results will be useful only for tl1e prediction of the core flow. 
As discussed in the section below, it was not feasible to use a finite 
difference mesh with enough cells to resolve the fluid bel1avior in the viscolIS 
region. The core flow predicted by the viffcous flow solution will be compared 
with tl1at from the idea.I flow solution to evalua.te wl1ether the difference in 
predicted core flows for the type of problem u11der investigation is significant 
enough to warrant the additional computational effort involved with tl1e 
solution of tl1e Na vier-Stokes equation. 
7.2 ANALYSIS 
The open channel problem under investigation was analyzed using 
COMMIX-lB witl1 the finite difference model shown in Figure 7.1. The 
model useds 2356 computational cells arranged in 38 rows and 62 columns of 
uniform cells. Tl1e use of a mucl1 finer mesh was not feasible because of 
limitations in computing capacity and the convergence problems i11herent in a 
more detailed moded. While this model was too coarse to capture the flow 
phenomena in the viscous region, it did provide sufficient resolution of the core 
" 
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Figure 7.1 Finite Difference l\1esh for an Open Channel 
Pum.p Intake Analysis 
.,· 
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flow. 
The open channel velocity distribution derived in Appendix A was used 
as the inlet boundary condition; it co11tains. a logarithmic behavior to model 
deceleration of the velocity to zero at the wall. T_he free surface was modeled 
" 
with a free-slip boundary, and the solid surfaces were modeled with no-slip 
boundaries to simulate the drag associated with a real fluid. The model was 
run to a. steady state relative convergence on the velocities of 1.0 x 10-3 using 
itera.tive numerical techniques. 
7.3 RESULTS 
The results from the ideal flow solution and the viscous flow solution 
are compared i11 Figure 7.2 by plotting tl1e calculated strea1n functions as a 
function of the 11on-dimensional depth y /L, for three locations of x/L. The 
ideal flow solution provides excellent agreement with the viscous flow solution 
at all locations in the core region. This can be attributed i11 part to the fact 
that tl1e geo1netry analyzed is simple and does 11ot co11tain obstructions which 
would produce seperatio11 of sufficient magnitude to effect the free stream 
flow. However, the results demonstrate tl1at for geometries wl1ere ideal flow 
assumptions are reasonable, the difference in the core flow predicted by the 
ideal and viscous flow solutions may not warra11t the additional computational 
effort required with the viscous flow solution ( which in this case was several 
orders of magnitude greater than the ideal flow solution). If an accurate 
62 
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prediction of the flow field in the viscous region is required, a finite difference 
mesh with significantly greater resolution near the wall must be used . 
.. 
., 
64 
"'f', '·. 
Chapter 8 
SUMMARY AND CONCLUSIONS 
I 
I 
The flow field in an open channe pump intake was analyzed using 
ideal flow theory to predict areas where local hydraulic instabilities m-ay be 
prevalent, and to determine the practical use of the average channel velocity 
as a basis for judging tl1e hydraulic design of the channel .. 
The flow field was predicted using the governing equations from ideal 
. flow theory, solved witl1 tl1e boundary i11tegral metl1od~ to allow an efficient 
solution. The consequences of the id.eal flow assumptions on the prediction of 
the core flow in simple open cl1annel geometries were evaluated by comparing 
tl1e results with those obtained from a numerical solution of the viscot1s flow 
problem. 
The results sl1ow that the flow field remains essentially uniform over 
l1alf-way into tl1e channel. As the flow approaches the pump suction, the 
velocities near the bottom of the cl1annel increase to almost four ti111es the 
average channel velocity, while the surface velocities tend toward zero. The 
J 
velocity distribution local to tl1e pump suction is very uneven, which could be 
,· 
expected to lead to vortex production around the suction bell of tl1e pump. 
The calculated surface velocities agree with the observations made of the 
channel in operation which reveal no surface vortexing o:r jump. The analysis 
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demonstrates that the channel is deep enough to allow the large velocity 
gradients to dissipate prior to reaching the free ·surface. However, the abrupt 
change in the direction of flow in the upper part of the channel indicates that 
in a sl1allower channel with the same flowrate, the potential for deep-core 
vortices exists, and further analysis would be needed to detern1ine the 
minimum sa.fe operating depth. 
Comparison of the ideal a.nd viscous flow solutions demonstrates that 
t l1e core flow . 1n tl1e type of geometry under i 11 vest ig at ion may be 
approximated to a high degree of accuracy using ideal flow tl1eory. For a 
cl1annel with turns and obstructions, tl1e eddy production in the viscous 
regio11 may be strong enough to require the viscous flow solution to accurately 
account for the effect of vorticity on the core flow. Ho,vever, for tl1e simple 
geometry analyzed, which is a typical intake design, the use of ideal flow 
theory proved to be an accurate and efficient approach for initial evaluation of 
the hydraulic design, to deter1nine if more exte11sive a.nalysis or sea.le model 
tests are warranted. 
Application of the boundary integral method to solve the Poisson 
equation governing the ideal flow provided a very efficient alternative to the 
domain methods. The coarseness of the boundary discretization allowed by 
the method saved significant computing time for both the boundary and 
d~main calculations. The flexibility to perform an initial analysis for the 
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general flow pattern, and then concentrate domain points in regions of special 
interest without requiring repeated solutions of the boundary problem allows a 
more detailed and thorough investigation of the characteristics of the 
geometry. 
) 
,, 
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Appendix A 
" ' 
OPEN CHANNEL VELOCITY PROFILE 
The flow enters the intake channel from a large reservoir and the inlet 
is sufficiently far from the pump suction that the flow there can be expected 
to behave like a gravity driven open channel flow. Chow (1959) presents the 
relations for the velocify distribution in an open channel. The Reynolds 
number for an open channel flow is defined as _} 
_VR ( ) Re - v , A.l 
where V is the average velocity, R is the l1ydraulic radius of the cross section, 
and v is the kinematic viscosity. For the present study, flo,v enters the 
channel at a rate of 0.379m3 /s. The cross section of the wetted cha.nnel is 
1.96m wide and 5.79m higl1. The corresponding flow area A is ll.3484m 2 
with a wetted perimeter P of 13.54m. Tl1e average velocity V is 0.03341n/s 
a.nd the hydraulic radius R == A/P is 0.838m. The kinematic viscosity is 
l.Oxl0- 6 m 2/s for water at 20 °C. The resulting Reynolds number from 
equation (A.1) is 2.8x10 4 • In an open ·· channel flow with the Reynolds 
number based on hydraulic radius, transition from laminar flow to turbulent 
flow occurs in the range of 500 to 12,500. Hence, the flow in tl1e present study ···"'· 
is turbulent. 
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For turbulent channel flow over a rough surface, the velocity 
distribution behaves as 
where: 
. 30y 
u(y) == 5. 75V 1Iog k , 
V 1 == the friction velocity( m/ s ), 
k == the surface roughness( m), 
y == the distance from tl1e floor(m). 
(A.2) 
The velocity distribution must also satisfy conservation of mass, such that for 
an incompressible fluid the volumetric flow rate 
/ 
y 
Q j u(y)Wdy , (A.3) 
0 
remains constant over the lengtl1 of tl1e cl1annel. of co11stant width vV. 
Substituting equtaion (A.2) into equatio11 (A.3), integrating, and rearranging 
yields tl1e relation for V 1 in a channel of height h 
V J 
For the present study, 
/ 
Q 
k == 1.753x10-3 m for concrete, 
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(A.4) 
0 
...-:.· 
. ' 
. J' 
.... 
.. 
Q = 0.379m 3 /s, 
W = 1.96m, 
h = 5.79m. 
./ 
Therefore, V 1 equals 5.53x10-
4 m/s and from equation (A.2) the open channel 
velocity distribution is 
u(y) == 0.00318 log(l.71xl0 4y) m/s, (A.5) 
whicl1 is plotted in Figure A.1 as the inlet boundary condition to the channel . 
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Appendix B 
DERIVATION OF SINK STRENGTH 
Given the channel shown in Figure B.l with influx across a surface #1, 
<I 
and flow out the the sink #2, the streffgth m of the sink must be specified to 
satisfy the conservation of mass. For an incompressible fluid . 
(B.l) 
From potential flow theory, 
·v·. ( .o·) _ 8¢( r ,0) 
r' - 8r ' (B.2) 
and tl1e complex potential 
<I>(z) == ¢(x,y) + i?jJ(x,y) . (B.3) 
According to Milne-Thomson (1960), the complex pote11tial for a sink is given 
as 
<I>(z) = ~log(z) , (B.4) 
where, 
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z = rei(} . (B.5) 
Consequently, the velocity local to the sink behaves according to 
(B.6) 
and the differential area 
--+ --+ 
dA 2 == rdOdz i r • (B.7) 
·~. 
. 8¢ 
The flow entering the channel (0n < 0) is specified as 
8¢ --+ 
on 'l , (B.8) 
and the differential area of surfa.ce #2 with an inward pointing normal is 
--+ --+ 
dA 1 == dydz ( - i ) . (B.9) 
For tl1e geometry in Figure B.l of height h and unit depth dz, equation (B.1) 
becomes 
h 
--+ 
· rd() i r ==· 0 . (B.10) J --+ --+ V 1 ( - i ) · dy ( - i ) 
0 
75 
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Substituting equation (B.6) for Vr and evaluating the integrals yields the 
relation for the sink strength 
m (B.11) 
which is a positive quantity with V 1 flowing into the domain. 
\ 
_,1l, 
... 
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Appendix C 
NOMENCLATURE 
A == channel flow area (m 2 ) 
== surface area 
C == factor of flow resista,nce 
e == bounding curve 
G == Green's function 
g == acceleration due to gravity, 9.8m/s 2 
h channel height (m) · 
~ 
z unit normal in x direction 
~ 
z r == unit normal in r direction 
~ 
J == unit norn1al in y direction 
k == surface roughness heigl1t ( m) 
kc == critical roughness ( m) 
L == cha.ra.cteristic length ( m) 
m == two-di111ensional sink strength ( m 2 / s) 
N number of boundary elements 
n unit normal 
P == channel wetted perimeter (m) 
p pressure (N/m 2 ) 
Q == volumetric flow rate (m 3 /s) 
R == hydraulic radius (m) 
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r - displacement vector 
r radial distance ( m) 
rs dimensionless distance from nodal point to sink 
Re Reynolds number, VR/v 
s dimensionless length along boundary 
bounding surface 
t time (sec) 
U0 mean channel velocity (m/s) 
U 00 cha.racteristic velocity ( 1n / s) 
u == velocity do1nponent in x direction (m/s) 
u* din1ensio11less velocity in x direction, u/Uoo 
--+ 
V modulus of velocity vector V (m/s) 
--+ --+ --+ 
V == fluid v el oci t y ( 111 / s) , u i + v j 
V1 == friction velocity ( m/ s) 
<f == volume ( 1n 3 ) 
v == velocity component in y direction ( m/s) 
v* == dimensionless velocity i11 y direction, v /U oo 
W channel width (m) 
x axial coordinate ( m) 
x* din1ensionless axial coordinate, x/L 
y axial coordinate (m) 
y* dimensionless axial coordinate, y /L 
z axial coordiate ( m) 
.;&.n~,: •. o•W' 
' 
f 
a.. = boundary integral constant 
. f, J 
/3 ij = boundary integral constant 
--+ /3 = body force (m/s 2 ) 
= Dirac delta function 
() = ~iigle (radians) 
v = fluid kinematic viscosity (m 2 /s) 
p = fluid density (kg/m 3 ) 
= complex velocity potential 
= velocity potential 
{)cp 
= flux, 0- 11 
= stream f unctio11 
w = vorticity vector (s- 1) 
La.placian operator 
..... 
I '· 
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